Viral agents are of interest as possible autoimmune triggers due to prior reported associations and widely studied molecular mechanisms of antiviral immune responses in autoimmunity. Here we examined new viral candidates for the initiation and/or promotion of systemic autoimmune diseases (SAID), as well as possible related signaling pathways shared in the pathogenesis of those disorders. RNA isolated from peripheral blood samples from 33 twins discordant for SAID and 33 matched, unrelated healthy controls was analyzed using a custom viral-human gene microarray. Paired comparisons were made among three study groups-probands with SAID, their unaffected twins, and matched, unrelated healthy controls-using statistical and molecular pathway analyses. Probands and unaffected twins differed significantly in the expression of 537 human genes, and 107 of those were associated with viral infections. These 537 differentially expressed human genes participate in overlapping networks of several canonical, biologic pathways relating to antiviral responses and inflammation. Moreover, certain viral genes were expressed at higher levels in probands compared to either unaffected twins or unrelated, healthy controls. Interestingly, viral gene expression levels in unaffected twins appeared intermediate between those of probands and the matched, unrelated healthy controls. Of the viruses with overexpressed viral genes, herpes simplex virus-2 (HSV-2) was the only human viral pathogen identified using four distinct oligonucleotide probes corresponding to three HSV-2 genes associated with different stages of viral infection. Although the effects from immunosuppressive therapy on viral gene expression remain unclear, this exploratory study suggests a new approach to evaluate shared viral agents and antiviral immune responses that may be involved in the development of SAID.
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Introduction
Systemic autoimmune diseases (SAID) are a group of immune disorders characterized by autoantibody production and immunopathology involving multiple mechanisms. There are several clinical phenotypes of SAID including rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) in addition to other less common phenotypes such as systemic sclerosis (SSc) and the idiopathic inflammatory myopathies (IIM). Multiple lines of evidence, including familial disease associations and disease discordance in identical twins, suggest the co-involvement of genetic and environmental factors promoting chronic inflammation and immunopathology in susceptible individuals [1] [2] [3] [4] [5] . While there are differences in certain risk factors, molecular pathways and the clinical expression of specific SAID phenotypes, there is a growing appreciation that in fact these diseases share a number of factors and should be studied together to best understand them [6] .
The concept that infectious agents play a role in the development of autoimmune diseases has a long history [7, 8] . Many infectious agents-including viruses, bacteria and parasiteshave been proposed as possible triggers of SAID. Viruses are of particular interest given their association with some autoimmune diseases based upon serologic and molecular assays, as well as evidence from certain animal models [9] . Previous studies suggested the association of many viruses, including Epstein-Barr virus [10] , varicella zoster virus [11] , enteroviruses [12] , and hepatitis B virus [13] , with the development of SAID.
Host anti-viral responses to infections may contribute to the pathophysiology of autoimmune disorders [14] [15] [16] . Among proposed mechanisms, interferon (IFN)-related pathways are the most widely studied signaling pathways involved in responses to viral infections. IFNs are a family of cytokines including type I (IFN-α, IFN-β and IFN-ω), type II (IFN-γ) and type III members, which regulate multiple biologic factors controlling inflammation and antiviral immunity [17] . The activation of the type I IFN pathway and increased expression of IFN-regulated genes are common to various SAID, including SLE [18, 19] and dermatomyositis (DM), a clinical phenotype of the IIM with characteristic skin rashes and other cutaneous findings [20, 21] .
Differential gene expression analysis by microarray is ideally suited for high throughput screening of small sample quantities, and has been used successfully for viral discovery [22] . We sought to utilize twins discordant for SAID and a novel viral-human gene microarray assay using whole human genome microarray in combination with a set of over 6,000 probes, which correspond to the majority of known viral genes, to investigate the possible role of shared viral infections and the activation of shared antiviral signaling pathways in the development of SAID.
Materials and Methods

Study subjects
We studied 33 twin pairs discordant for SAID (14 juvenile DM, one adult polymyositis, nine juvenile idiopathic arthritis, three adult RA, one juvenile SLE, four adult SLE and one adult SSc) and 33 unrelated, healthy controls matched within five years of age, as well as by gender and ethnicity. All of these subjects were enrolled in the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)-National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) investigational review board-approved Twins-Sib study, which is evaluating relatively recent onset SAID for possible shared risk factors and pathogeneses. All adult subjects provided written informed consent, and all juvenile subjects provided written assent and their parent/guardian also provided written informed consent for their participation, as approved by the NIDDK-NIAMS institutional review board. Both adult and juvenile probands with criteria for a SAID based on American College of Rheumatology criteria, or in the case of IIM based on probable or definite Bohan and Peter criteria, were enrolled within four years of diagnosis [23] . Of the 33 twin pairs, 29 (87.9%) were monozygotic and four (12.1%) were dizygotic, and the average age and disease duration of the affected twins was 14.7 ± 11 and 2.1± 1.8 years, respectively. Zygosity was confirmed by an independent, commercial laboratory (Proactive Genetics, Augusta, GA). Most of the affected twins (84.8%) were being treated with immunosuppressive agents including prednisone, methotrexate, cyclosporine, mycophenolate mofetil or intravenous immunoglobulin, at the time of testing. Global disease activity and damage scores were assessed by a physician familiar with the subject on a 0-100 mm visual analogue scale and the scales from 0 to 100 indicate inactive disease/no damage to most severe disease activity/damage. There was no clinical evidence of active viral infection in any of the subjects at the time of evaluation and sample collection. Demographics, including age, gender, monozygotic/dizygotic status, and clinical information, including specific diagnosis, immunosuppressive treatment status and other clinical findings of the patients, are summarized in Table 1 .
Microarray studies
RNA was extracted and purified from whole, peripheral blood samples collected in PAXgene RNA tubes (VWR Scientific, Radnor, PA, USA) using the PAXgene RNA isolation kit (Qiagen, Inc., Valencia, CA, USA) in accordance with the manufacturer's recommendations. Purified RNA was quantified using a Nanodrop spectrophotometer (Thermo Scientific Inc., Marietta, OH, USA) and stored at -80°C until further analysis. Gene expression analysis was performed with a custom DNA microarray using the Agilent 4 x 44 K whole human genome microarrays that include 44,000 probes for nearly 20,000 human genes (Agilent Technologies, Inc., Santa Clara, CA, USA) with the addition of over 6,000 oligo probes for known viral genes. The custom microarray design and data validation were described earlier [24] . To identify viruses in clinical samples, we developed a computational method that identifies conserved viral sequences in a specific viral open reading frame. If sufficient annotation existed, multiple open reading frames were chosen both in early and late transcription regions. Using this approach we obtained the viral sequence data from the well-established database of viral genomes in GenBank and developed a set of over 6,000 probes that covered 54 virus families. RNA quality was verified using a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA) and only RNA samples with RIN score > 7 were used for the following arrays. A total of 500ng RNA was amplified and labeled using the Agilent fluorescent linear amplification kit following the manufacturer's standard protocol. For each array, 750 ng of each Cy5-(human universal control) and Cy3-labeled sample cRNA were hybridized using the Agilent in situ hybridization kit. Hybridizations were performed for 17 hours in a rotating hybridization oven. Slides were washed and then scanned with an Agilent scanner. Data were then obtained using Agilent Feature Extraction software (Agilent Technologies, Inc., Santa Clara, CA, USA), which performed error modeling and adjusting for additive and multiplicative noise. The microarray data used in this publication have been deposited in NCBI gene expression and hybridization array data repository: Gene Expression Omnibus (GEO) and are accessible through series accession number [GSE74027].
Microarray data analysis
GeneSpring GX 12.6 (Agilent Technologies, Palo Alto, CA) was utilized to filter and normalize the raw data. Quantile normalization and a baseline transformation to all medians of samples were used. Paired t tests were used to identify oligo probes differentially expressed among affected probands (P), their unaffected twins (U) and the matched, unrelated healthy controls (C). We performed three family-based pair comparisons using whole human genome probes and custom viral probes separately: (1) P vs. C, in which all probands were compared with matched, unrelated healthy controls; (2) U vs. C, in which all disease unaffected twins were compared with matched, unrelated healthy controls; (3) P vs. U, in which all probands were compared with their unaffected twins. Stoney's q-value was used to adjust p values for multiple comparisons and a q-value cutoff of 0.05 was selected to show differential gene expression with statistical significance [6] . Additionally, Pearson's correlation coefficients were calculated to evaluate the association between HSV-2 expression and the use of immunosuppressive therapy.
Ingenuity pathway analysis
Human genes, which were significantly differentially expressed between probands and their unaffected twins, were analyzed using QIAGEN's Ingenuity 1 Pathway Analysis platform (IPA
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, QIAGEN Redwood City, www.qiagen.com/ingenuity). Each gene of interest was mapped onto a global molecular network derived from information contained in the IPA knowledge base. Those genes that were overexpressed in the dataset were divided into disease and biological function subgroups and those representing canonical pathways were determined. The number of probes mapped to each biologic pathway that differed from the number expected due to chance alone was assessed by Fisher's exact test.
Real-time quantitative polymerase chain reaction (qPCR) and quantitative reverse-transcription PCR (qRT-PCR)
Relative quantitation (RQ) measurements of HSV-2 gene targets were performed using qPCR with subjects' DNA as source material. qRT-PCR was performed using subjects' reverse transcribed RNA samples purified from whole, peripheral blood collected from disease-discordant twins and unrelated, matched controls. Briefly, cDNA was prepared using the High Capacity cDNA Reverse Transcription kit (500 μg of input RNA per subject) as specified in the manufacturer's protocol (Applied Biosystems, Foster City, CA, USA). qPCR and qRT-PCR assays were performed in triplicate using custom primers. Standard SYBR 1 Green assays (20 μL)
were performed using a Power SYBR 1 Green Master Mix and a ViiA™ 7 Real-Time PCR system following the manufacturer's standard protocol (Life Technologies, Durham, NC, USA). Co-amplification of the housekeeping gene human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an endogenous, standardization control. The relative expression of each gene was calculated from log-phase mean threshold cycle values normalized to GAPDH and calculated as reported previously [23] .
Results
Microarray profiling of human gene expression
A flow chart of the experimental work and data analysis plan is shown in Fig 1. A comparison of human gene expression between SAID and their unaffected twins revealed significant differences in 789 human oligo probes (corresponding to 537 human genes, S1 Table) . Similarly, 1,666 human oligo probes (corresponding to 1,041 human genes, S1 
Biologic pathway analysis
In a smaller, previous study, our group reported differential human gene expression between 20 SAID probands and unrelated, healthy controls. Many of the differentially expressed genes mapped to shared cell signaling pathways associated with immune-regulation and inflammatory responses [23] . To further assess these findings, we performed IPA on our larger current dataset to determine whether significantly differentially expressed genes might be associated with common shared biologic pathways in SAID. As shown in , 78 genes). Of the 127 infectious disease-related genes differentially expressed between disease discordant twins, 107 were viral-related. INTERFEROME, a database of interferon regulated genes [24] , was also used to confirm the identity of IFN-regulated genes (IRGs). Forty-one IRGs (38.3%, 41/107) were differentially expressed in the peripheral blood RNA from probands compared to their unaffected twins, including 28 (68.3%, 28/41) up-regulated and 13 (31.7%, 13/41) down-regulated genes (Table 2) . Consistent with a previous study [25] , a subset of seven overexpressed genes (RSAD2, IFI44, ISG15, OAS3, EPSTI1, IFIT3, IFI6) comprising an IFN signature were detected in the peripheral blood of SAID probands; four of these (RSAD2, IFIT3, IFI6, ISG15) were viral-related (Table 2) .
Microarray screening for differential viral gene expression
A cluster analysis of viral oligo probes for the three study groups demonstrated a clear trend of viral gene up-regulation in the peripheral blood of SAID probands compared to either unaffected twins or healthy controls. However, data from both human and viral gene microarrays demonstrated that unaffected twins clustered to a greater extent with unrelated, healthy controls than their SAID affected twins. Significant differences in peripheral blood viral gene expression were observed between probands and both the unaffected twins and unrelated, Ingenuity pathway analysis of differentially expressed human genes between disease discordant twins. The analysis compared 789 oligo probes corresponding to 537 human genes significantly differentially expressed (fold change >1.5, q <0.05) between twins discordant for SAID. The upper horizontal axis (blue bars) describe the association of the data set with a given pathway (-log (p value)). The cutoff threshold value (defined as p = 0.05) is shown by the vertical red line. The ratio of the number of genes from the data set that map to a given pathway divided by the total number of molecules that comprise the pathway is shown on the horizontal axis (green triangles). Previously reported viral-related signaling pathways are in bold print. doi:10.1371/journal.pone.0142486.g002 healthy controls while no significant differences in viral gene expression were observed between unaffected twins and unrelated, healthy controls. A total of 64 viral probes (from 40 different viruses) distinguished SAID probands from the unaffected twins and healthy control groups (S1 Fig) . Among these viruses, HSV-2 is the only known human pathogen and was verified using four distinct oligo probes corresponding to three different HSV-2 genes. UL19 (encoding the major capsid protein), UL36 (encoding a tegument protein), and RS1 (encoding infected cell polypeptide 4, the major transcriptional activator for progression beyond the immediate-early phase of viral infection) are the three different HSV-2 genes with different functions in the viral infection cycle (Table 3 ). Of interest, a variety of viruses, including Epstein-Barr virus (EBV), parvovirus B19, and varicella zoster virus, that have been previously suggested to be related to the pathogenesis of SAID and were included in the viral array, were not found to be differentially expressed in individuals affected with SAID. Subgroup analyses selected for monozygosity, pediatric age, RA, and IIM demonstrated similar patterns of differential viral gene expression. Significant differences in viral gene expression were not detected in the SLE and SSc subgroups and this is likely attributable to their smaller sample sizes (data not shown). We used principal component analysis (PCA) to evaluate the effect of clinical variables, such as the presence of immunosuppressive therapy (S2 Fig), the duration of disease, physician global disease activity scores or disease damage levels and observed no differences across the first three principal components due to these variables (S2 Fig) [23] .
HSV-2 viral gene analyses
In total, four HSV-2 viral gene probes were detected with significant increased viral gene expression in SAID probands compared to either unaffected twins or unrelated, healthy controls (Table 3) . Dot plots of viral gene expression levels for three different viral probes (corresponding to three different HSV-2 genes) revealed consistent overexpression of these HSV-2 genes in the peripheral blood from some individual probands compared to their unaffected twins and unrelated, healthy controls (Fig 3A-3C) . The peripheral blood from six probands was positive for UL19, while five probands were positive for UL36 and eight were RS1 positive. Five probands were positive for two different HSV-2 genes while two probands were positive for three different HSV-2 genes. HSV-2 gene expression was also detected among different disease phenotypes, including two RA, two SLE, and five IIM patients. Additionally, we did not find any correlations between the use of immunosuppressive therapy and the levels of HSV-2 gene expression (UL19, r = -0.042, p = 0.814; UL36, r = 0.032, p = 0.868; RS1, r = 0.042, p = 0.817), which suggests that the three HSV-2 gene expressions were not modulated by immunosuppressive therapy.
qPCR and qRT-PCR validation
Relative quantification of differential viral gene expression among SAID probands and matched, unrelated healthy controls was independently evaluated by qPCR and qRT-PCR for two HSV-2 genes (UL36 and RS1) as described previously (see Materials and methods). As summarized in Table 4 , both HSV-2 genes evaluated by either qPCR or qRT-PCR showed the same trends of increased viral gene detection and expression as those observed from the microarray analysis in comparisons of probands with matched, unrelated healthy controls.
Discussion
Several mechanisms have been proposed to explain how viral infections might trigger the onset of autoimmune disorders [17, 26] . One example is molecular mimicry, wherein a viral protein (s) shares similar structures with self-antigens resulting in a break of immunological tolerance [27] . Viral infections might also activate the immune system through pattern recognition Table 3 ), UL36 (B) and RS1 (C) were plotted according to the three study groups: probands, unaffected twins, and matched, unrelated healthy controls. Statistically significant p values between any two groups are shown (*) and were calculated using one-way ANOVA with corrections for multiple comparisons. The proposed "normal range" values were derived from the mean plus three standard deviations (SD, dash line) of healthy control expression values.
doi:10.1371/journal.pone.0142486.g003 Table 4 . Comparisons of differential gene expression values determined by relative quantitative-polymerase chain reaction and microarray analyses*.
HSV-2 genes
Microarray FC* P/C (All)
qRT-PCR FC P/C (All)
qRT-PCR FC P/C (Positive) [29] to counteract viral evasion mechanisms. Although it is known that there are many clinical, immune and molecular differences among the different SAID phenotypes, our study was focused on identifying signaling pathways and viral gene expressions that are shared among SAID. Our data corroborate previous studies that in fact there are many shared pathways, with an emphasis on IFN signature, and at least one shared viral gene expression pattern relating to HSV [30] . Despite the fact that viral infection has been associated with the disease pathology of SAID (e.g., IIM [8] , SLE [31] , RA [32] , and SSc [33] ), there is little evidence for viruses acting as direct triggers for SAID onset. Following primary infection, certain pathogenic viruses remain clinically latent in the host until reactivated possibly years or decades later. The reactivation of pathogenic viruses is also a recognized complication of immunosuppressive therapy. Because the majority of affected probands with SAID in our study were treated with immunosuppressive agents at the time of testing, it is difficult to distinguish between the timing of primary viral infection, disease onset, and possible viral reactivation after immunosuppressive therapy. However, we did not detect any statistical co-variations between SAID affected twins having measurable HSV-2 gene expression and the type or dosage of immunosuppressive therapies, disease duration, physician global disease activity scores or disease damage. The lack of any correlation of immunosuppressive therapy, as well as the duration, extent or severity of disease activity, with the level of viral gene expression suggests that viral gene expression was not modulated by immunosuppression or disease processes after disease development. Moreover, while the expression of certain genes may be altered by glucocorticoid treatments [34] , these do not include the majority of genes in the anti-viral pathways identified in this study. Therefore, we suggest that the HSV-2 signals are bio-relevant due to a lack of correlations or association trends observed between those subjects with active HSV-2 gene expression and the presence or type of immunosuppressive therapy, disease duration, physician global disease activity scores or disease damage levels. Surprisingly, in our study, HSV-2 was the only human viral pathogen identified in the peripheral blood RNA and DNA of SAID affected twins by viral microarray and confirmatory, quantitative, targeted gene PCR analyses (UL36 and RS1). Interestingly, while previous studies linked other herpes viruses such as EBV with human autoimmunity [35] , we did not find increased EBV gene expression, which was assessed by UL19 (encoding the major capsid protein) and UL36 (encoding a tegument protein) genes, in SAID probands. Although cases of HSV-2 infection have been reported in patients with pemphigus vulgaris [36] , autoimmune thyroid disease [37] , or DM [38] , a convincing role for HSV-2 infection in the etiology of SAID has not been established. Previous findings have also demonstrated early infections with HSV-2, including maternal infection, as being possibly associated with schizophrenia [39] . The prevalence of HSV-2 infection increases with age and peak incidence occurs in 15-24 year olds. The average age of SAID affected twins in our study was 14.7 ± 11 years.
In general, HSV-2 genes are classified into three groups: immediate early (IE), early (E) and late (L) genes according to their biologic functions. IE genes, including five members (RL1, UL54, RS1, US1 and US12), are transcribed immediately after viral infection. E genes, including at least 12 genes, are involved in HSV-2 DNA replication. The remaining L genes are virion components and include the capsid (UL19), tegument (UL36) and envelope proteins. Our report of increased IE gene (RS1) and L gene (UL19, UL36) expression suggest that HSV-2 may actively replicate in SAID affected twins and suggests a possible role for HSV-2 viral infection in some patients, possibly maintaining or enhancing inflammatory processes.
We reported previously that human genes differentially expressed between 20 SAID discordant twin pairs and unrelated, healthy controls were associated with multiple immunoregulatory and inflammatory pathways among probands [23] . The present study is an expanded analysis of 33 SAID discordant twin pairs and 33 matched, unrelated healthy controls. In addition, we have used a novel, custom microarray to measure differential viral and human gene expression in concert. Our study did have several limitations, including small sample sizes of individual SAID phenotypes, heterogeneity of SAID phenotypes, the lack of gene expression data in different cell subsets and the use of immunosuppressive therapies among probands. These limitations result in part from the rarity of qualified SAID-discordant twin pairs identified for the study. The disease discordant twin study design was selected to help minimize the effects of natural genetic variations among human subjects in clinical studies. Additionally, we performed subgroup analyses and found no difference by disease phenotype, which supports the hypothesis that different SAID may share certain etiopathogenic mechanisms including those of viral origin. However, some subgroup analyses were likely to be underpowered due to the small sample sizes to evaluate the effect of the clinical variables (i.e. the dose of any particular immunosuppressive agent).
In conclusion, the increased and shared expression of certain human antiviral pathways and HSV-2 viral genes among multiple SAID disease discordant twins suggest a possible role for HSV-2 in some patients with SAID. Future studies are required to more fully assess the etiologic role of viral infection (e.g., herpes-and other viruses) in the development of human SAID. The frequent detection of type I IFN signatures reported among our and other populations of SAID patients suggests that perturbations in the transcriptional control of multiple IFN-regulated genes may be a consequence of viral infection or reactivation in some susceptible individuals. 
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